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Abstract.  
The geometry of bone scaffolds plays a crucial role in bone tissue regeneration. This 
architecture, especially pore size and shape, determines the mechanical strength of the 
scaffold. A number of previous workers have indicated the parameters which are believed to 
be the main stimulus in the adaptive bone remodelling process. An ideal bone manufacturing 
system would deliver bone morphogenetic proteins (BMP) and provide adequate mechanical 
properties. The aim of this study was to design a highly osteoconductive and mechanically 
strong bone regeneration scaffold which can be successfully manufactured. Three porous 
architectures of scaffold were designed using Solid Edge
TM
 3D solid modelling software. The 
equivalent trabecular structure model consisted of repeatable unit cells arranged in layers to 
fill the chosen scaffold volume. The three different unit cell structures examined include 
cubic, triangular, and hexagonal polyhedral. Designed scaffold's pores were varied in this 
study to 120, 340 and 600 m. This range was selected to meet one of the requirements of the 
scaffold design — the macropores must be at least 100 m in diameter, so the cells can 
penetrate and proliferate within the structure. The strengths of each scaffold were determined 
using ANSYS
TM
 finite element software. Trabecular scaffold designs were analysed 
independently and in connection with simulated cortical bone in order to investigate their 
stress-strain response. As well as providing useful information on strengths developed from 
these topologies, the models developed indicated geometric constraints in order to tailor 
scaffolds to specific patient needs. 
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Introduction  
To date, autograft (tissue transplanted from one part of the body to another in the same 
individual) and allograft (the transplant of an organ or tissue from one individual to another 
of the same species) treatments for bone loss have achieved varying degrees of success in 
restoring form and function and can carry significant risks. An attractive alternative to natural 
bone grafts is a synthetic scaffold that is biocompatible, osteoconductive, and able to 
withstand mechanical loading. The geometry of the scaffolds plays a crucial role in bone 
tissue regeneration. A number of workers have indicated the parameters (e.g. pore size and 
geometry, rod and plates orientation, and material properties) which are believed to be the 
main stimulus in adaptive bone remodelling process [1-6]. The primary roles of scaffold are 
to serve as an adhesion substrate for cells, facilitate the localisation and delivery of cells 
when implanted, and provide temporary mechanical support to the newly grown tissue by 
defining and maintaining a 3D structure [7]. A successful bone scaffold should possess an 
open-pore geometry with a highly porous surface and microstructure that enables cell 
ingrowth [8-10]. A recent study revealed that the scaffolds' mechanical properties can be 
modulated by adjusting their geometric arrangement without compromising porosity [11].  
Tissue Engineering.  
The development of scaffolds for tissue engineering has been widely investigated to prepare a 
3D structure which will mimic the function of natural extracellular matrix into which cells 
can be seeded and proliferate [4, 12-14]. Many of these workers have investigated methods to 
fabricate scaffolds for bone replacement and fracture healing [15, 16]. In this case, the 
scaffold needs to perfectly match the defect site within the patient's body. Medical imaging 
technologies are typically used to gather implant site external geometric data.  
Methods for this included, among others, computer tomography (CT) and Magnetic 
Resonance Imagining (MRI). Collected data can then be used to design the custom scaffold 
structure. There are two main techniques used to design the internal scaffold geometry. 
Micro-CT scanned internal bone structures of donor samples can be recorded and attempts 
made to replicate these directly [17]. This has limited applicability currently as scanned 
trabecular structures are complex and hard to fabricate with current technologies [21]. The 
second method for scaffold internal structure determination is to generate CAD files with 
predefined geometric basis and assess these for adequate mechanical performance and ability 
to fabricate [18, 19]. This ability to tailor scaffold performance allows different scaffold 
structures to be generated for specific locations within the body which often have very 
different mechanical requirements [16, 20].  
Scaffold Manufacturing Techniques.  
One of the challenges in context of bone scaffolds is provision of a suitable manufacturing 
process. Rapid prototyping (RP) techniques that are used for scaffold fabrication include 
fused deposition modelling (FDM), selective laser sintering (SLS), stereolithography (SLA) 
and direct 3D printing (3DP). General limitations of these include the low level of 
dimensional accuracy and structural complexity achievable, the lack of available materials 
which may be used, and the relatively weak mechanical properties achievable compared to 
conventional processing. In all of these techniques, the scaffold is built in an additive manner 
with each 2D slice bonded layer by layer to previous slice to build up the final structure. In 
these processes, dimensional accuracy is among other parameters limited by the nozzle 
diameter, laser spot diameter and powder particle size. Table 1 shows resolutions currently 
achievable by SLA, FDM and 3DP rapid prototyping systems. 
 
 
 
 
Structural Requirements of Scaffolds.  
The osteoconductivity of the scaffold is a crucial factor in the tissue regeneration process. In 
particular, the internal architecture plays an important role in determining the rate and degree 
of bone ingrowth [22-24]. It is necessary to remember that apart from mechanical properties 
and strength during the healing process, the scaffold must also support a quick and efficient 
healing process. To achieve these goals the pore size must be large enough to allow free 
nutrient and osteoblast transport but small enough to ensure adequate mechanical properties 
[25]. Two commonly studied parameters are pore size and interconnectivity. Larger sized 
micro-porosity (above 100 p.m) is thought to contribute to osteogenesis by facilitating cell 
and ion transport while smaller ranged micro-porosity (less than 60   ) may improve bone 
growth into scaffolds by increasing surface area for protein adsorption, increasing ionic 
solubility in the micro-environment and providing attachment points for osteoblasts [17]. 
Taking into account, that designed scaffolds also need to be manufacturable, the challenge of 
scaffold geometry optimisation is a fundamental problem to be solved in tissue development.  
 
Materials and Methods  
CAD Files Generation. In order to simulate the reactions of trabecular bone architecture to 
physiological loading conditions three different scaffold unit cell geometries were design 
using Solid Edge software (Siemens Product Lifecycle Management Software Inc., Siemens 
AG, Munich, Germany). These unit cells were of cubic, triangular and hexagonal geometry. 
The macrostructure models were built from repeated stacking of these unit cells. Figure 1 
shows the 3D view and 2D 
cross section of the unit cells used. Each structure was built with cylindrical struts. Three 
pore sizes 120, 340 and 600[im and porosity values 30%, 50% and 70% were investigated. 
These were developed in the macrostructure models by altering the strut thickness and 
number of repeating unit cells. The pore size was measured as the largest diameter of circle 
which would fit within the plan view unit cell void, see Figure 1 (b), (d), and (f). Table 2 
shows the various volumes and numbers of repeated unit cells used in order to achieve the 
required porosity levels and pore sizes. The emboldened numbers represent the external 
geometrical dimensions in millimetres of each of the scaffolds. The boundary box was then 
filled with the pre-designed structures. From this table it can also be seen that nine 
macrostructures were developed for each of the three unit cell geometries resulting in 27 
geometries that were first analysed for stress and strain distribution with ANSYS (ANSYS 
Inc., Canonsburg, PA) finite element software. A further 27 experiments were performed 
with a solid loading block physically attached to the top and bottom of the macrostructures 
used for the first 27 experiments. The height of each loading block was set as 40% of the total 
height of the scaffold in order to provide uniform stress accommodation at the loading block-
scaffold interface and hence reduction of end-effects [26]. These latter tests were performed 
in order to simulate a cortical multilayered structure and examine the effect of stress 
deployment across the loading surface on stress distribution within the scaffold. The loading 
conditions for the cubic structure with and without loading blocks are shown in Figure 2. The 
bottom surfaces were constrained and the loading was applied uniformly across the top 
surface. Similar loading conditions were applied for all models presented in this paper. A 
pressure level of 5.51 kPa and a loading direction along the y-axis were chosen with respect 
to the unit cells shown in Figure 1 (b), (d), and (1). These applied loading conditions were 
chosen to simulate in-vivo loading conditions [26]. 
 
 
 
FEA Set Up. The stress and strain distribution and maximum stress values in the meshed 
scaffold architectures were analysed with ANSYS Workbench 11.0 linear finite element 
analysis software. The equivalent (von-Mises) elastic stress and strain were evaluated and 
documented for each of the 54 designed architectures. Each structure was meshed with a 
different number of tetrahedron elements. More complex structures required more elements 
for accurate meshing. Table 3 shows the number of tetrahedron elements for each of the 
scaffolds. This table presents the results from error convergence analysis which conducted to 
ensure that the number of elements used was sufficient for reliable finite element result 
calculation. It can be seen that the more complex the shape, the larger the number of elements 
that were required for accurate meshing. In order to ensure accurate meshing of the 
geometries, size controls and shape refinement options within ANSYS were also used. For 
the material properties of the scaffold struts, the properties ofO020cortical bone were used. 
Accordingly to the data known from previous work, the Young's modulus value was set to 
18.3 GPa, the material density to 1810 kg/m
3
, and Poisson's ratio to 0.28 [27, 28]. 
 
  
 
 
 
Results 
 
Initial tests confirmed that the loading block significantly changed the stress 
distribution within the scaffold. The maximum stresses recorded for the cubic-based 
structures when loading blocks were used were on average 5% higher than those 
recorded when no loading blocks were applied 
 
The maximum stress values recorded in cubic macrostructure with and without 
loading block are shown in Figure 3. On the other hand, for the triangular and 
hexagonal based architecture the maximum stresses recorded when loading blocks 
were used were lower (by approximately 32% and 24% respectively) than that found 
compared to when no loading blocks were applied. 
 
 
 
Results for structures where loading blocks were not used demonstrated that the highest stress 
concentration occur on the top or the bottom. Different stress distributions and locations of 
highest stressed points for the hexagonal based structure with loading and no-loading blocks 
are shown in Figure 4. Applying loads through the loading blocks produced a more even 
stress distribution through the scaffold with the maximum stress occurring somewhere 
centrally within the scaffold. The highest stress value for all of the structures examined was 
1.48 MPa. This occurred for the hexagonal structure with pore size of 600 m and 70% 
porosity. The results showed that larger stress levels were recorded at the surface of struts 
than in their centre. The maximum stress values recorded for structures with loading blocks, 
pore sizes of 120, 340 and 600 m and with a porosity level of 30% are shown in Figure 5. 
Corresponding maximum stress values for porosity levels of 50% and 70% are shown in 
Figures 6 and 7 respectively. It is evident from these results that in general as the pore sizes 
increase for a given structure and porosity level, the maximum stress values also increase. 
The only exception to this was for the 70% porous cubic structure. The largest stress for 30% 
porosity level was found in the triangular based structure, see Figure 5. This was 
approximately three times higher than that seen in the other structures. A general trend of 
increasing maximum stress levels was observed as the porosity levels were increased from 
30% to 70%. Looking specifically at the cubic structures an increase in the average maximum 
stress level of 28% was recorded as the porosity level was raised from 30% to 50%, see 
Figure 5 and 6. An average increase in maximum stress of 140% was also recorded between 
50% and 70% porosity levels, see Figure 6 and 7. This result is as would be expected due to 
the reduced level of solid supporting structure at the higher porosity levels. 
 
Figure 4: Von-Mises stress distribution for (a) hexagonal structure, with 50% porosity 
without loading block, and (b) cross section of hexagonal structure with the maximum stress 
value recorded centrally with the use of loading block. Arrows indicate the points of 
maximum stress 
 
 
 
 
 
 
 
 
Conclusions  
 
In this study, we generated and tested three different scaffold geometries. Mechanical 
properties were seen to depend on the designed pore shape (architecture), pore size (120, 340 
and 600  m) and loading conditions (with or without loading blocks). Examination of these 
parameter variations on 8mm3, 22.7mm3 and 1000mm3 porous scaffolds were conducted to 
fully examine their influence on stress distribution. The work presented in this paper suggests 
that the geometrical design of the structure plays a significant role in the stress distribution 
and highlights the great possibilities for scaffold design to enhance bone regeneration. 
Studies have shown, that higher values of stress located on the surface of struts within the 
scaffold can enhance the bone remodelling process.  
The finite element analysis results presented in this paper show that mechanical properties 
and stress and strain distribution within the scaffold strongly depend on the porosity of the 
designed structure. Overall the pore size was seen to be more important than the porosity 
level in determining the overall maximum stress level. The porosity level however is also 
important in determining the osteoconductivity of the scaffold structure. By increasing the 
porosity levels from 30% to 70% with the same pore sizes, the maximum stress values 
increased dramatically. The pore size of the scaffold is also important for the fabrication 
method. To date all of the rapid prototyping methods have certain limitations. More 
complicated and smaller structures may often not be manufactured. Most of these 
technologies are not nominally currently capable of consistent production of pores sizes 
below 500 m. The results for the 600 m pore size in this work are therefore most relevant to 
the manufacturing capabilities of current rapid manufacturing technologies.  
The hexagonal structure presented in this paper, although examined in only one direction, 
would be the most anisotropic structure relative to the cubic and triangular based structures. 
The cubic and triangular structures are relatively isotropic compared to the hexagonal 
structure. Previous work shows, that mechanical properties may vary if the scaffold is loaded 
from different directions. Anisotropy is important in considering the osteoconductivity of 
designed scaffolds. Stress distribution and pore size location affect the remodelling processes 
and different loading conditions may change the maximum stress values and its location. The 
dominant loading direction should encourage pore sizes and distribution to allow cells growth 
into the larger pores as well as providing nutrients and building material [9]. 
Another interesting finding from this work from examination of the strut cross sectional 
stress distribution was that larger values of stress were recorded at the surface of the struts 
compared to the centres. In this work the pore size, porosity level and loading methods have 
been shown to be strongly correlated with the stress levels experienced in the structures. 
These findings indicated the ability to design a strut architecture within which the stress 
levels can be varied to a larger degree at the strut surfaces such that cellular attachment and 
growth can be promoted. 
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